Oxygenic phototrophs frequently encounter environmental conditions that result in intracellular energy crises. Growth of the unicellular green alga Chlamydomonas reinhardtii in hypoxia in the light depends on acclimatory responses of which the induction of photosynthetic cyclic electron flow is essential. The microalga cannot grow in the absence of molecular oxygen (O 2 ) in the dark, although it possesses an elaborate fermentation metabolism. Not much is known about how the microalga senses and signals the lack of O 2 or about its survival strategies during energy crises. Recently, nitric oxide (NO) has emerged to be required for the acclimation of C. reinhardtii to hypoxia. In this study, we show that the soluble guanylate cyclase (sGC) CYG12, a homologue of animal NO sensors, is also involved in this response. CYG12 is an active sGC, and post-transcriptional down-regulation of the CYG12 gene impairs hypoxic growth and gene expression in C. reinhardtii. However, it also results in a disturbed photosynthetic apparatus under standard growth conditions and the inability to grow heterotrophically. Transcriptome profiles indicate that the mis-expression of CYG12 results in a perturbation of responses that, in the wild-type, maintain the cellular energy budget. We suggest that CYG12 is required for the proper operation of the photosynthetic apparatus which, in turn, is essential for survival in hypoxia and darkness.
INTRODUCTION
Aerobes need molecular oxygen (O 2 ) for the efficient generation of energy through respiratory electron transport as well as for numerous biosynthetic and signalling pathways (Thannickal, 2009) . O 2 deficiency is therefore a severe stress condition for these organisms. Oxygenic phototrophs, although evolving O 2 as a by-product of photosynthesis, can encounter hypoxic conditions frequently in nature, especially in low-light conditions (Steunou et al., 2006; Bailey-Serres and Voesenek, 2008; van Dongen and Licausi, 2015) . In hypoxia, the unicellular freshwater green alga Chlamydomonas reinhardtii develops a complex fermentation metabolism that mainly produces formate, ethanol and acetate by a bacterial-type pyruvate formate lyase (PFL) system and references therein) . A further product of the microalga's anaerobic metabolism is molecular hydrogen (H 2 ) produced by two plastidic [FeFe] hydrogenases, HYDA1 and HYDA2 (Happe and Kaminski, 2002; Forestier et al., 2003) . These obtain electrons from ferredoxin, which is either reduced by the photosynthetic electron transport chain (Winkler et al., 2009) or via pyruvate-ferredoxin oxidoreductase (PFR) (Noth et al., 2013) . Mutants deficient for central fermentative enzymes indicate that anaerobic energy generation in C. reinhardtii is quite flexible. For example, pfl mutants excrete lactate, which is a minor fermentative product of the wild-type (Philipps et al., 2011) , and mutants deficient for ADH1, a bifunctional acetaldehyde-alcohol dehydrogenase (van Lis et al., 2017) secrete lactate and glycerol (Magneschi et al., 2012) .
Upon the transfer of C. reinhardtii cultures grown in the light to dark-hypoxic conditions, the abundances of hundreds of transcripts change (Mus et al., 2007; Dubini et al., 2009; Hemschemeier et al., 2013a) . The functional analysis of the affected transcripts suggested that the alga employs several strategies to cope with this adverse condition, such as utilizing amino acids as substrates for energy generating pathways, down-regulating photosynthesis as well as restricting the highly energy-demanding processes of gene expression and cell division (Hemschemeier et al., 2013a) . Despite these responses that appear to represent a 'power saving mode', and despite its elaborate fermentation metabolism, C. reinhardtii survives low O 2 concentrations in darkness only hours (Magneschi et al., 2012; Yang et al., 2014) to a few days (Whitney et al., 2011) .
In contrast, the alga grows well in a hypoxic atmosphere in the light (Eriksson et al., 2004; Hemschemeier et al., 2013a) , for which, however, acclimatory processes are essential. In hypoxia in the light, cyclic electron flow (CEF) around photosystem I (PSI) is induced in the microalga (e.g. Tolleter et al., 2011; Terashima et al., 2012; Alric, 2014) . CEF is driven by a supercomplex that is composed of PSI, the light-harvesting complexes (LHCs) of PSI and photosystem II (PSII) (LHCI and LHCII), ferredoxin-NADPHreductase, the cytochrome b 6 f complex, and PROTON GRADIENT REGULATION 5 (PGR5)-LIKE PHOTOSYN-THETIC PHENOTYPE 1 (PGRL1) (Iwai et al., 2010) . The algae-specific protein ANAEROBIC RESPONSE 1 (ANR1/ TEF7) (Terashima et al., 2010; Takahashi et al., 2016) as well as the chloroplast Ca 2+ SENSING RECEPTOR (CAS1) are also associated with this complex and are required for Ca
2+
-dependent CEF activity in hypoxia (Terashima et al., 2012) . Chlamydomonas reinhardtii ANR1-deficient or PGRL1-deficient transformants are severely impaired in their growth in low external O 2 concentrations in the light (Terashima et al., 2012; Kukuczka et al., 2014) , suggesting that CEF is essential for the alga to tolerate hypoxia. Both CEF and H 2 photoproduction are furthermore important for the induction of photosynthetic carbon fixation after darkhypoxic incubation, and C. reinhardtii mutants deficient for both PGRL1 and active hydrogenases, show severe growth defects in hypoxia in dark-light cycles (Godaux et al., 2015) . Another factor that is essential for growth of the alga in hypoxia in the light is the COPPER RESPONSE REGULATOR 1 (CRR1) (Eriksson et al., 2004; Hemschemeier et al., 2013a) . This transcription factor is the master regulator of the microalga's response to Cu deficiency (Eriksson et al., 2004; Kropat et al., 2005; Castruita et al., 2011) , but it also regulates many of its targets in response to hypoxia (Quinn et al., 2000 (Quinn et al., , 2002 Moseley et al., 2002b; Hemschemeier et al., 2013a) . The CRR1 target genes whose mis-expression is responsible for the growth defect of crr1 mutants in hypoxia have not been identified yet.
Only about 40 of several hundred genes that are differentially expressed in dark-hypoxia are putative CRR1 targets (Hemschemeier et al., 2013a) , demonstrating that additional regulatory factors must exist. However, not much is known about how C. reinhardtii senses and signals O 2 deficiency. We have recently shown that a truncated haemoglobin that we termed THB8 as well as nitric oxide (NO) play a role in the hypoxic response of C. reinhardtii (Hemschemeier et al., 2013b) . Algae in which the THB8-encoding gene Cre16.g661200 is post-transcriptionally down-regulated by an artificial microRNA (amiRNA) (termed amiTHB8) do hardly grow under low external O 2 concentrations in the light and stop growing entirely when NO is scavenged externally by 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO), which also impairs the hypoxic growth of the wild-type (Hemschemeier et al., 2013b) . The addition of an NO donor to dark-aerobically incubated wild-type cultures results in elevated transcript amounts of the hypoxia-responsive genes HYDA1 and HYDA2, encoding the [FeFe]-hydrogenases, suggesting that NO plays a role in the signal transduction pathway leading to their induction (Hemschemeier et al., 2013b) . Recombinantly produced THB8 protein can probably be Snitrosylated, and several genes are mis-regulated in amiTHB8 strains. We hypothesized that THB8 might be part of an NO-dependent signalling cascade.
As in animals, NO has emerged as a ubiquitous signalling molecule in plants (Hebelstrup et al., 2013; Domingos et al., 2015) . In C. reinhardtii, NO has been proposed to be involved in several processes, too, such as the regulation of nitrate assimilation (de Montaigu et al., 2010; Sanz-Luque et al., 2013) , the regulated degradation of the cytochrome b 6 f complex upon nitrogen starvation (Wei et al., 2014) , acclimation to different light intensities (Berger et al., 2016) and cell cycle progression (Pokora et al., 2017) . In most cases, the mode of action of the NO molecule is not known, however, post-translational modification in form of S-nitrosylation exerts regulatory effects on C. reinhardtii proteins (Morisse et al., 2014; Berger et al., 2016) . The best understood NO-based signalling pathway in C. reinhardtii results in the repression of genes involved in nitrate assimilation by ammonium, which involves a soluble guanylate cyclase (sGC) (de Montaigu et al., 2010; Sanz-Luque et al., 2016) . sGCs are well studied components of NO-based signalling pathways in mammals (Mart ınez-Ruiz et al., 2011) . Guanylate cyclase activity of these enzymes is usually activated by the binding of NO to their heme group (Derbyshire and Marletta, 2012; Montfort et al., 2017) , and the thus generated cyclic guanosine monophosphate (cGMP) regulates downstream factors such as cGMP-dependent protein kinases, cGMP-gated ion channels and cGMP-regulated phosphodiesterases (Lucas et al., 2000) . Six sGC homologues have been identified in C. reinhardtii (de Montaigu et al., 2010) . One isoform, encoded by Cre16.g688901, as well as NO, cGMP and Ca 2+ , are involved in the regulation of nitrate assimilatory genes and proteins (de Montaigu et al., 2010; Sanz-Luque et al., 2013) .
Transcript levels of CYG12, another sGC-encoding gene of C. reinhardtii, increase in dark-hypoxic wild-type cells, and the up-regulation is strongly impaired in amiTHB8 strains (Hemschemeier et al., 2013a,b) . This suggests that CYG12 might be involved in the THB8-and NO-dependent hypoxic acclimation of the microalga. In this work, we show that CYG12 encodes a protein capable of heme binding that exhibits similar spectroscopic properties as animal sGCs and has guanylate cyclase activity. A C. reinhardtii strain in which CYG12 transcript levels are post-transcriptionally down-regulated by an amiRNA (amiCYG12) is severely impaired in its growth in a low-O 2 atmosphere in the light, while this phenotype is mostly restored in complemented strains. The mis-expression of CYG12 furthermore results in the inability of the alga to grow aerobically in the dark, while heterotrophic growth of the wild-type is impaired upon NO-scavenging. Transcriptome profiles of the ami-CYG12 strain in comparison with the wild-type revealed hundreds of transcripts to have altered abundances in the transformant, and their functional analysis suggests that strategies to maintain the energy budget are disturbed. Unexpectedly, the amiCYG12 strain has an altered photosynthetic apparatus under normoxia in the light, so that its growth defects might be the result of aberrant photosynthetic activity or retrograde signalling.
RESULTS

Full-length CYG12 is an active soluble guanylate cyclase
Ultraviolet-visible (UV-Vis) spectra of recombinant CYG12 refolded in the presence of hemin were similar to those of reconstituted sGC enzymes reported before (Vogel et al., 1999; and references therein) (Figure 1(a) ). In the absence of ligands, the reduced (Fe II ) form showed a spectrum typical for hexacoordinate heme-Fe II in that it had two defined peaks in the visible region (528 and 558 nm). Purging reduced CYG12 protein with CO gas resulted in a shift of the Soret peak maximum from 425 to 419 nm, and the maxima in the visible region shifted to about 537 nm and a shoulder at 566 nm, similar to previous observations and consistent with a hexacoordinate His-Fe II heme -CO adduct (Gerzer et al., 1981; Burstyn et al., 1995; Vogel et al., 1999) . Exposure of reduced CYG12 to air resulted in a Soret peak at 418 nm and a shoulder in the visible region, similar to ferric cyanide-bound sGC (Stone and Marletta, 1994; Stone et al., 1996) . After the addition of NO to Fe II -CYG12, the Soret maximum was observed at 398 nm (Figure 1(a) ), indicative of the loss of the histidine-ligand that is typical for NO-stimulated sGCs (Vogel et al., 1999; and references therein) . Full-length CYG12 protein was an active guanylate cyclase and exhibited cGMP production rates of about 25 and 1.2 nmol of cGMP mg protein À1 min À1 in the presence of Mn 2+ and Mg 2+ ions, respectively (Figure 1(b) ). The presence of up to 1 mM of the NO donor DEA-NONOate (2-(N, N-diethylamino)-diazenolate 2-oxide sodium salt) did not result in a considerable increase of activity in Mn 2+ - Figure 1 . Full-length CYG12 is an active soluble guanylate cyclase.
(a) UV-Vis spectra of the recombinant and heme-reconstituted CYG12 protein. 5 lM-samples were reduced with 200 lM sodium dithionite (NaDt) (Fe II , grey line) under anoxic conditions. The reduced proteins were then either mixed with air (Fe II O 2 ; grey dashed line), treated with 200 lM DEA-NONOate (Fe II NO; black line), or purged with CO gas (Fe II CO; black dashed line). The wavelengths of the Soret peak maxima are indicated above the condition labels. (b) cGMP production was determined using 50 lg samples of recombinant NaDt-reduced CYG12 in buffer supplemented with MnCl 2 or MgCl 2 in the presence of 0-1 mM DEA-NONOate. 1 mM GTP was added to start the reaction. cGMP was determined via UHPLC-MS, defined cGMP concentrations were used for quantification. The bars represent the average of biological replicates, and the standard deviation is indicated by error bars.
containing buffer, and in an about 3.2-fold higher activity in Mg
2+
-containing buffer (Figure 1(b) ).
Post-transcriptional silencing of the CYG12 gene affects growth in hypoxia in the light and normoxia in the dark To gain insights into the physiological function of CYG12 in C. reinhardtii, we achieved a post-transcriptional downregulation utilizing the amiRNA approach developed by Moln ar et al. (2009) . The wild-type strain CC-124 was transformed with a construct expressing an amiRNA that targets the CYG12 3 0 -untranslated region (3 0 -UTR). In the wild-type, CYG12 transcripts did not accumulate upon purging with nitrogen gas (N 2 ) in the light (1.24 AE 0.38-fold after 6 h, n = 3). Therefore, to identify transformants with lower CYG12 levels, cultures grown aerated in the light were subjected to dark-hypoxia established by a set-up we termed 'self-anaerobization' (see Experimental section for details) as well as to normoxic conditions in darkness, and CYG12 transcript amounts were analyzed by quantitative reverse transcription (qRT-) PCR. In the C. reinhardtii wild-type CC-124, CYG12 transcript amounts increased between 7-fold and 73-fold under dark-hypoxic conditions, and also 8-fold to 41-fold in aerobiosis in the dark (Figure 2) . A transformant was identified in which CYG12 levels were reproducibly lower than in the wild-type both under hypoxic and aerobic conditions in darkness (14 AE 8% and 18 AE 13%, respectively, of the transcript amounts in the wild-type), and in which CYG12 fold-changes were only 2.2 AE 1.4-fold (dark-hypoxia) and 1.8 AE 1.6-fold (dark-aerobiosis), respectively ( Figure 2 ). Henceforth, this transformant is referred to as amiCYG12. Growth characteristics of strain amiCYG12 were analyzed on agar plates in low light in air or in very low O 2 concentrations (<0.1%). The crr1 mutant strain CC-5068 that cannot grow in a low-O 2 atmosphere (Hemschemeier et al., 2013a) served as a control. In the presence of O 2 , strain amiCYG12 grew comparable with the wild-type, although the colouring of the colonies appeared lighter green (Figure 3(a) ). Growth in very low (external) O 2 concentrations, however, was affected. The phenotype was variable and reached from no growth at all to growth that was only moderately impaired (Figure 3(a) ). Strain ami-CYG12 grew mixotrophically under copper (Cu) deficiency as well as photoautotrophically ( Figure S1(a) ). We also tested heterotrophic growth of the transformant, and it hardly grew (Figure 3(b) ). When the agar plates contained the chemical NO scavenger PTIO, heterotrophic growth of C. reinhardtii strain CC-124 was also impaired (Figure 3(b) ). In contrast, PTIO did not impact aerobic growth in the light ( Figure S1 (b)) as was shown before (Hemschemeier et al., 2013b) . The same concentration of nitrite, a product of the reaction of PTIO with NO (Goldstein et al., 2003) , did not have any visible influence on the growth of the cells ( Figure S1(b) ).
Sentinel transcripts accumulate differently in strain amiCYG12
We determined the relative abundances of several sentinel transcripts by qRT-PCR to test if the response of strain ami-CYG12 to dark-hypoxic or -oxic conditions was generally impaired. HYDA1 and HYDA2 that encode the [FeFe]-hydrogenases of the alga, FDX5, a CRR1 target coding for ferredoxin 5, Cre16.g661200.t1.2 (THB8) and HCP4, the transcript for hybrid cluster protein 4, are known to accumulate in dark-hypoxia (Happe and Kaminski, 2002; Forestier et al., 2003; Mus et al., 2007; Lambertz et al., 2010; Hemschemeier et al., 2013b) . In the C. reinhardtii wildtype, all transcripts responded to hypoxia in darkness as expected (Figure 2 ). In the dark-hypoxically incubated CYG12 knockdown strain, the same trends were observed, but the relative transcript amounts were lower. The relative amounts of HYDA1 were about 75%, those of HYDA2 ca. 30% and those of FDX5 60% those of the parental strain ( Figure 2 ). The accumulation of THB8 and HCP4 was noticeably impaired in strain amiCYG12 as their levels reached about 5% (THB8) and 9% (HCP4) of those of the wild-type (Figure 2) . HYDA1, HYDA2, THB8 and HCP4 transcripts also accumulated in the C. reinhardtii wild-type under aerobic conditions in the dark (6 h +O 2 ), although to very variable extents (Figure 2 ). Under this condition, too, the transcript amounts were lower in strain amiCYG12, resulting in 48 AE 38% (HYDA1), 16 AE 9% (HYDA2), 1.4 AE 0.8% (THB8) and 2.8 AE 0.6% (HCP4) of that of the parental strain.
The hypoxic growth defect of strain amiCYG12 can be rescued by a chimeric CYG12 transcript To ensure that the phenotype of the CYG12 knockdown strain was caused by CYG12 mis-expression, we pursued a complementation strategy. The amiRNA that was applied to down-regulate CYG12 expression targets the 3 0 -UTR of the CYG12 transcript, so that a chimeric CYG12 transcript was constructed whose 3 0 -UTR was replaced by the PSAD 3 0 -UTR. To provide for a mostly natural expression, the putative promoter region of the CYG12 gene (a 450 bpregion upstream of the annotated transcription start site) was used. However, we cloned the inverted first intron of the RBCS2 gene upstream of the putative CYG12 promoter because this was shown to enhance the activity of the CYC6 promoter without leading to constitutive expression (Ferrante et al., 2008) . Strain amiCYG12 was transformed with the construct, and descendants were screened for recovered hypoxic growth and analyzed regarding the full integration as well as expression of the construct. Oligonucleotide pairs were applied to PCR-amplify fragments covering the whole construct ( Figure S2 (a)), and two strains, termed amiCYG12-C1 and amiCYG12-C2 in the following, were identified in which the full-length construct was present ( Figure S2(b) ). In PCR reactions on cDNA prepared from hypoxically incubated algae the presence of the specific transcript could be verified in strains amiCYG12-C1 and -C2 using one oligonucleotide that anneals to the included Strep-tag coding region ( Figure S2(a, c) ). Strains amiCYG12-C1 and amiCYG12-C2 were tested for restored growth under low external O 2 concentrations in the light or under oxic conditions in the dark (Figure 4 ). Both strains grew noticeably better than the CYG12 knockdown strain in hypoxia in the light, although not as well as the wild-type. Heterotrophic growth was enhanced in the complemented strains, however, they appeared chlorotic under this condition (Figure 4 ; see additional growth assays in Figure 9 ). The C. reinhardtii wild-type and strain amiCYG12 were grown under standard growth conditions until they had reached cell densities of 3.0 AE 0.5 9 10 6 cells ml
À1
(wild-type) and 2.9 AE 0.7 9 10 6 cells ml À1 (amiCYG12) (0 h). Then, they were transferred to hypoxia in the dark (6 h ÀO 2 ) or to dark-oxic conditions (6 h +O 2 ). cDNA prepared from these cultures was utilized for qRT-PCR reactions. The bars show the averages of 4-11 (6 h ÀO 2 ) and 2-5 (6 h +O 2 ), respectively, independent experiments, the error bars indicate the standard deviation. Small letters denote statistically significant differences of log 2 -transformed relative expression values from the wild-type ('a') and from the 0 h time-point ('b').
Photosynthesis is affected in strain amiCYG12
In growth assays on agar plates, the CYG12 knockdown strain appeared lighter green than the wild-type and the complemented strains even under aerobic conditions in the light. The quantification of the chlorophyll (Chl) content of algae grown aerated and illuminated in liquid medium revealed that strain amiCYG12 contained only about 43% of the cellular Chl concentration of strain CC-124, while the complemented strains reached 96% (amiCYG12-C1) and 83% (amiCYG12-C2) of the wild-type levels (Figure 5(a) ). The Chl a:b ratio was very similar in all strains (wild-type: 1.5 AE 0.3, amiCYG12: 1.5 AE 0.2, amiCYG12-C1: 1.6 AE 0.3, amiCYG12-C2: 1.7 AE 0.3). Photosynthetic O 2 evolution rates of strain amiCYG12 were significantly impaired and reached about 53% of those of the wildtype, while the rates measured in amiCYG12-C1 and -C2 cells were 106% and 85% of that of strain ). O 2 consumption in the dark was moderately affected in the CYG12 knockdown (80% of the rates measured in its parental strain), and those of the two complemented strains were similar to the wild-type ( Figure 5(c) ). Because cytochrome c oxidase-dependent respiration is essential for heterotrophic growth of C. reinhardtii (Wiseman et al., 1977) , we examined the effect of cyanide (KCN) on total O 2 consumption rates. In the wild-type, cyanide-sensitive respiration amounted to 78 AE 3% of the total O 2 consumption rate, while 70 AE 4%, 72 AE 5% and 69 AE 4% of respiration were inhibited by KCN in strains amiCYG12, amiCYG12-C1 and amiCYG12-C2, respectively ( Figure 5(d) ). About 10% of total respiration were inhibited by salicylhydroxamic acid (SHAM), an inhibitor of alternative oxidase (wild-type: 7 AE 3%, amiCYG12: 12 AE 7%, ami-CYG12-C1: 11 AE 4% and amiCYG12-C2: 10 AE 1%) ( Figure 5(d) ). We also tested if the CYG12 knockdown strain is capable of consuming acetate and starch in the dark ( Figure S3 ). Transferred to dark-normoxia, the Figure 3 . A CYG12 knockdown strain shows impaired growth in hypoxia in the light as well as in aerobic conditions in the dark.
(a, b) The C. reinhardtii wild-type CC-124, the crr1 mutant CC-5068 and strain amiCYG12 were grown in liquid TAP medium to 9-18 lg Chl ml À1 and then diluted to 1 lg Chl ml À1 with fresh medium. Next, 10 ll of the dilutions were dropped in duplicate on TAP agar plates. Roman numbers indicate independent experiments. (a) The plates were incubated at a light intensity of 15 lmol of photons m À2 sec À1 . Each one plate was incubated in air (+O 2 ) and one in low (<0.1%) O 2 concentrations (ÀO 2 ). Photographs were taken after 7-14 days. (b) Cells were grown in normoxia in darkness on plates without or with 100 lM of the NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (AEPTIO) for 14 days. Figure 4 . A chimeric CYG12 transcript rescues the hypoxic growth defect of strain amiCYG12. Strain amiCYG12 was transformed with a construct whose expression results in a chimeric CYG12 transcript that is not targeted by the amiRNA. Two descendants, amiCYG12-C1 and amiCYG12-C2, were analyzed further (see Figure S2 for a scheme of the construct and the genetic confirmation of the complemented strains). The indicated strains were grown in liquid TAP medium under standard growth conditions, diluted to 0.5 lg Chl ml À1 with fresh TAP medium and then dropped in duplicate on TAP agar plates. The plates were then incubated for 10-12 days in air (+O 2 ) or hypoxically (ÀO 2 ) in the light (15 lmol of photons m À2 sec À1 ), or in normoxia in darkness (dark +O 2 ). Roman numbers indicate independent experiments.
C. reinhardtii wild-type as well as the two complemented strains had consumed extracellular acetate nearly completely by 24 h, while in the medium of strain amiCYG12, acetate was still present (on average 25% of the amounts determined in the preculture) and became undetectable only after 48 h ( Figure S3(a) ). Under dark-hypoxic conditions, the media of all four strains retained 40-60% of the acetate present at the beginning of the experiment (0 h) ( Figure S3(a) ). Strain amiCYG12 grown under standard growth conditions contained moderately less starch than the other strains ( Figure S3 (b)) and consumed it faster than the wild-type in the first 6 h of dark-hypoxic incubation, while the differences between the strains levelled out after 24-48 h of incubation in darkness, both in the presence and absence of air ( Figure S3(b) ).
To gain insight into the state of the photosynthetic apparatus, we recorded Chl fluorescence emission spectra at 77 K from cells grown under aerobic conditions in the light as well as after dark-hypoxic incubation. Spectra of cultures of the C. reinhardtii wild-type as well as of the complemented strains amiCYG12-C1 and amiCYG12-C2 grown under standard growth conditions were as expected, having well-defined maxima at 687 nm and 715 nm whose ratio (E 687 :E 715 ) of about 1-1.2 decreased on average to about 0.9 upon transfer to hypoxia in the dark (Figure 6 (a, b)). Strain amiCYG12 had a much higher PSI/LHCI maximum than the other strains under aerobic conditions in the light, resulting in an E 687 :E 713 ratio of about 0.6, which stayed on this level in dark-hypoxic cells (Figure 6(a, b) ). The incubation of strain amiCYG12 under aerobic conditions in the light in the presence of the specific PSII inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) resulted in a moderate decrease of the maximum at 713 nm and an increase of the E 687 :E 713 ratio to 0.78 ( Figure S4 ). The PSII/ LHCII maxima of all four strains were at 687 nm, and the PSI/LHCI maxima of the wild-type and the two complemented strains were, with one exception, at 715-717 nm, while that of the CYG12 knockdown strain was at 713 nm independent of the incubation conditions (Figure 6(a) ).
As altered fluorescence maxima can indicate a decoupling of the LHCs from the photosystems and even the absence of a photosystem (Wlodarczyk et al., 2016; and references therein), we tested by immunoblot analyses if strain amiCYG12 was depleted in subunits of PSII and PSI, PsbA (D1) and PSAD. Their amounts were only moderately lower in the CYG12 knockdown, and at wild-type levels in Figure 5 . Mis-expression of CYG12 results in impaired photosynthesis under standard growth conditions. (a-d) The C. reinhardtii wild-type CC-124, strain amiCYG12 and the two complemented strains, ami-CYG12-C1 and amiCYG12-C2, were grown under standard growth conditions to a cell density of 2-4 9 10 6 cells ml À1 . (a) Chlorophyll concentrations were determined in acetonic extracts according to Wellburn (1994 the complemented strains ( Figure 7) . A decreasing E 687 : E 715 ratio often serves as an indicator of a redistribution of LHCII from PSII to PSI during state transitions, which goes along with the induction of CEF (Minagawa and Tokutsu, 2015;  and references therein). The low E 687 :E 713 ratio of the CYG12 knockdown strain under standard growth conditions prompted us to test the amount of proteins involved in CEF and essential for growth in hypoxia, ANR1 and PGRL1 (Terashima et al., 2012; Kukuczka et al., 2014) . However, their amounts were not reproducibly altered in strain amiCYG12 compared to the wild-type or the two complemented strains (Figure 7 ).
Transcriptome profiles indicate shared requirements in dark-normoxia and dark-hypoxia
In order to gain a transcriptome-wide view on processes that might be affected in the amiCYG12 strain we performed an RNA-Seq study. The C. reinhardtii wild-type CC-124 and the amiCYG12 strain were subjected to darkness for 6 h, either in hypoxia achieved by self-anaerobization (6 h ÀO 2 ) or in aerobiosis in open beakers (6 h +O 2 ). RNA was isolated from these cultures as well as from the precultures that had been grown aerobically in the light to 2.5 to 3.2 9 10 6 cells ml À1 (0 h). Each strain was analyzed in (a) 77K Chl fluorescence emission spectra were recorded of the indicated strains grown to the early logarithmic growth phase in liquid TAP medium in the light (20 lmol of photons m À2 sec À1 ) (light +O 2 ). The same cultures were then subjected to dark-hypoxia (self-anaerobization) for 6 h before recording additional spectra (dark ÀO 2 ). The spectra were normalized to the maxima at 687 nm. The wavelength positions of the maxima in the far-red region are indicated in each panel. I and II indicate biological replicates. (b) The ratios of the maxima at 687 nm and of those in the far-red region (713-717 nm) of the spectra shown in (a) were calculated. Error bars indicate the standard deviation. A statistically significant difference from the wild-type is labelled with a small letter 'a', from strain amiCYG12 by a small letter 'b'. biological duplicate (see Table S1 for physiological parameters of the cultures). At least 18.5 Mio 50 bp reads were obtained per sample, and 96.4 AE 0.9% of all reads could be mapped to the genome. The r-values of the duplicates were 0.988 AE 0.008. Raw data of the project are accessible at NCBI's (National Center for Biotechnology Information) Gene Expression Omnibus (GEO) under the accession number GSE98442. We considered differences in the abundances of transcripts (comparing conditions or strains) as physiologically meaningful when they were statistically significant (q-value ≤0.05) and at least four-fold.
Transcriptome profiles of the wild-type incubated hypoxically in the dark corroborate previous findings
Applying the above-mentioned constraints, we identified 439 and 389 transcripts whose amounts increased and decreased, respectively, in the dark-hypoxic (6 h ÀO 2 ) wild-type (Data S1.1, Figure S5 ). The functional analysis of the encoded proteins corroborated the patterns of our previous RNA-Seq study of the same strain that was also subjected to self-anaerobization for 6 h (Hemschemeier et al., 2013a) . Sentinel transcripts accumulated as expected, for example HYDA1 and HYDA2, as well as HYDEF and HYDG that code for the maturases of the [FeFe]-hydrogenases (Posewitz et al., 2004) , and Cre02.g095137.t2.1 (PFR) (Table 1) . Transcripts of known CRR1-targets were induced, too, such as CPX1, CRD1, CYC6 and FDX5 (Quinn et al., 2000 (Quinn et al., , 2002 Terauchi et al., 2009; Lambertz et al., 2010) (Table 1 ). The CYG12 transcript accumulated ca. 19-fold, while the abundance of THB8 was about 3300-fold higher. However, the fold-change of THB8 was calculated as being not significant (Table 1) .
The wider trends of the transcriptome of dark-hypoxically incubated wild-type cells that we noted before were also reproduced. Transcripts involved in general aspects of gene expression, especially in translation, protein targeting and post-translational modification (category 'gene expression' in Data S1.1 and Figure S5 ) had mostly lower abundances. The same was true for transcripts with functions in cell division, for example in DNA replication or plastid division (category 'cell cycle'), and photosynthesis. In contrast, transcripts that encode putative regulatory proteins such as protein kinases or adenylate/guanylate cyclases had mostly increased abundances (category 'regulation' in Data S1.1 and Figure S5 ).
The transcriptome profile of the wild-type incubated in dark-aerobiosis overlaps with that under dark-hypoxic conditions
We also analyzed samples of the wild-type that had been incubated in darkness, but in the presence of O 2 . In these cells, much fewer transcripts were affected. Only 140 transcripts had a higher, and 67 a lower abundance compared with the non-induced state (0 h) (Data S1.2, Figure S5 ), and most of the transcripts whose amounts changed in dark-normoxia were also affected in hypoxia (Data S1.2 and Figure S6 ). Among them were several that are associated with photosynthesis and that were mostly lower abundant in the dark (Data S1.1 and S1.2) such as CAH1, coding for carbonic anhydrase 1 involved in the CO 2 concentrating mechanism (CCM) (reviewed in Wang et al., 2015) (Table 1) . Five transcripts that encode enzymes putatively involved in the catabolism of amino acids were upregulated under both conditions, although they reached mostly higher abundances in hypoxia (Data S1.1 and S1.2). Notably, two transcripts of proteins that are known to be involved in the anaerobic metabolism of C. reinhardtii accumulated more than four-fold in the presence of O 2 , namely HYDG and Cre02.g095137.t2.1 (PFR) ( Table 1) .
Also, several transcripts putatively involved in regulatory aspects and in the metabolism of NO were up-regulated in the wild-type both in oxic and hypoxic conditions in darkness. The former encode, for example, protein kinases and adenylate/guanylate cyclases (Data S1.1 and S1.2). The latter code for CYP55B1, a putative NO reductase (Plouviez et al., 2017) , ERM3, a putative NO-forming nitrite reductase, and hybrid cluster proteins (HCPs) that are implicated in the protection against nitrosative stress in Escherichia coli (e.g. Wang et al., 2016a) , HCP1 and HCP4 (Data S1.1 and S1.2). CYG12 itself accumulated 25-fold and 19-fold in dark-aerobiosis and dark-hypoxia, respectively. Protein raw extracts were obtained from the C. reinhardtii wild-type CC-124 (Wt), strain amiCYG12 (ami) and the complemented strains amiCYG12-C1 (C1) and amiCYG12-C2 (C2) that were grown under standard growth conditions (aerated in the light) to 2.5-3.5 9 10 6 cells ml À1 . Volumes corresponding to 5 9 10 5 cells were loaded on the gels. The samples were probed with antibodies against PsbA (D1), PSAD, ANR1 and PGRL1. Coomassie-stained gels of the same sample volumes served as loading controls. I and II indicate biological replicates. Relative transcript abundances in FPKM (fragments per kilobase of transcript per million mapped reads) in the C. reinhardtii wild-type (Wt) and strain amiCYG12 under the analyzed conditions are shown (0 h: standard growth conditions, 6 h+: 6 h normoxia in the dark, 6 hÀ: 6 h hypoxia in the dark). FC log 2 indicates the log 2 -transformed fold-changes of transcript amounts.
Cells are shaded red in case of higher, and blue in case of lower transcript amounts. Light-red and light-blue cells indicate absolute fold-changes higher than two-fold and lower than fourfold. Grey cells indicate a significant absolute fold-change lower than two-fold. CaMK: Ca Comparing transcript abundances under dark-hypoxic and dark-oxic conditions (Data S1.3 and Figure S6 ) revealed only few transcripts whose abundances specifically changed in dark-aerobiosis. Among these were transcripts that encode putative regulatory proteins, such as a transcript for a protein kinase, Cre09.g390300.t1.1, that was ca. 15-fold up-regulated under dark-oxic conditions, but not in dark-hypoxia (Table 1) .
Transcriptome profiles of strain amiCYG12 suggest disturbed signalling and survival strategies
We applied the same cutoff that was described above (≥4-fold difference in transcript abundance, q-value ≤0.05) to determine mis-abundant transcripts in the CYG12 knockdown strain compared with the wild-type (Data S1.4-S1.6; condition-dependent transcriptome changes of strain ami-CYG12 are listed in Data S1.7-S1.9 and illustrated in Figures S9 and S10) . In total, 461 transcripts with aberrant amounts were detected in dark-aerobically incubated ami-CYG12 cells (6 h +O 2 ), 320 in dark-hypoxia (6 h ÀO 2 ) and 157 under standard growth conditions (0 h) ( Figure S7 ). Some of these transcripts were mis-abundant under more than one condition ( Figure S8 ). The functional categorization of these transcripts and their encoded proteins, respectively, suggested that photosynthesis, the cell cycle, energy metabolism and regulatory functions were particularly affected ( Figure S7 ).
Photosynthesis. With only three exceptions, the amounts of transcripts associated with photosynthesis that fell within our cutoff were lower abundant in strain amiCYG12 than in its parental strain, and most of these were affected under dark-hypoxic conditions (Table 1 and Data S1.5). Among these were five transcripts that encode proteins involved in tetrapyrrole biosynthesis and its regulation (Table 1) . POR1 (coding for light-dependent protochlorophyllide reductase) and the shorter splice variant of FLU, encoding a regulator of Chl biosynthesis (Falciatore et al., 2005) were lower abundant also under standard growth conditions (Table 1) . Ten transcripts for light-harvesting complex proteins as well as NAB1, encoding an RNA-binding protein that regulates the translation of several RNAs for LHCII proteins (Mussgnug et al., 2005; Berger et al., 2016) had 4-to 29-fold lower amounts in the dark-hypoxic CYG12 knockdown strain than in the wild-type (Table 1 and Data S1.5). It appeared that their lower amounts in the transformant resulted from two trends: First, all transcripts were less abundant already under standard growth conditions (0 h), although they fell below our cutoff. Second, they were more strongly down-regulated in strain ami-CYG12 than in the wild-type (Table 1) . Further photosynthesis-associated transcripts were hardly down-regulated upon hypoxia in the wild-type, but in the transformant, resulting in significantly lower abundances in strain amiCYG12. Among them were PSAI and PSAK, transcripts for PSI subunits (Table 1 ; Data S1.5). A similar pattern showed CAS1, coding for the Ca 2+ sensor CAS that is important for C. reinhardtii to acclimate to light stress as well as for CEF in hypoxia and the regulation of the CCM (Petroutsos et al., 2011; Terashima et al., 2012; Wang et al., 2016b) (Table 1) . Transcripts involved in the CCM were less abundant in strain amiCYG12 than in the wild-type mostly under standard growth conditions (Table 1 and Data S1.4), among these LCR1, coding for a transcription factor that regulates several CCM genes and whose expression itself is responsive to low CO 2 concentrations (Wang et al., 2015;  and references therein) ( Table 1) . CAH1 and CAH4, coding for carbonic anhydrases, were also significantly affected in the CYG12 knockdown strain in dark-hypoxia (Table 1) . Especially in the aerated and illuminated pre-cultures, MSD3 and FEA1, encoding Mn superoxide dismutase 3 (Page et al., 2012) and an iron assimilatory protein (Narayanan et al., 2011) were less abundant in strain amiCYG12 than in its parent (Table 1) . Both transcripts are induced upon iron-starvation (Allen et al., 2007; Page et al., 2012) . MSD3 is also transiently up-regulated by hydrogen peroxide treatment, while FEA1 transcript and FEA1 protein amounts decrease in high light (Long and Merchant, 2008) and increase in high CO 2 concentrations (Hanawa et al., 2007) .
Cell cycle. In contrast with photosynthesis-related transcripts, the amounts of transcripts that code for proteins (putatively) involved in aspects of the cell cycle were mostly higher abundant in the amiCYG12 strain than in the wild-type. This was the case especially under dark-aerobic conditions and to a lesser extent in dark-hypoxia (Figure S7 ). These transcripts code for cyclins and a plant-specific cyclin-dependent kinase (CDKB1), chloroplast division site determinants as well as proteins putatively involved in DNA replication and chromosome partition. Notably, of these, six were ca. 4-to 6-fold, and 20 transcripts ca. 2.5-to 3.9-fold up-regulated in the transformant in dark-aerobiosis compared to the non-induced state (0 h), while the amount of the same transcripts did not significantly change in the wild-type or even decreased (Data S1.6). In dark-hypoxia, many transcripts of this category were 10-to 24-fold downregulated in the wild-type, and the higher abundances in the CYG12 knockdown strain resulted from lesser foldchanges (Data S1.5). For example, ALK2, coding for an aurora-like kinase, was 7-fold more abundant in dark-hypoxic amiCYG12 cells than in the wild-type. The transcript was 19-fold down-regulated in strain CC-124 incubated under this condition, but only 2-fold and statistically not significant in the transformant (Table 1) . MIND1, which encodes a chloroplast septum site-determining protein (Adams et al., 2008) , and FTSZ1, the transcript for a plastid division protein, were 19-and 14-fold down-regulated in the wild-type, but only 2.8-and 2.4-fold in the transformant (Table 1) .
Energy metabolism. Several transcripts whose protein products are (putatively) involved in energy generating pathways were less abundant in strain amiCYG12 than in the wild-type in darkness, both in the absence and presence of O 2 (Data S1.5 and S1.6). AMA3, coding for an a-amylase, was 6-fold up-regulated in the dark-aerobically incubated C. reinhardtii wild-type, but not in the transformant. HYDA1, HYDA2, Cre02.g095137.t2.1 (PFR) and MME3, the latter coding for a malic enzyme, were 5-to 12-fold lower in amiCYG12 cells in dark-aerobiosis, and, except HYDA1, also 3-fold in dark-hypoxia. Although calculated as being not significant, we also noted PPD1, coding for a pyruvate phosphate dikinase, to be much lower abundant in the CYG12 knockdown strain. In the wild-type, PPD1, which might be involved in gluconeogenesis, was significantly higher abundant in dark-hypoxia than in dark-aerobiosis (Data S1.3). Mostly, these transcripts were up-regulated in the wild-type compared to the control (0 h) state, but not (6 h +O 2 ) or to a lesser extent (6 h ÀO 2 ) in strain amiCYG12.
Ten transcripts encoding enzymes putatively catalyzing steps in the catabolism of amino acids were less abundant in strain amiCYG12 compared to the wild-type in darkhypoxia (Data S1.5). Also ETF2, the transcript for the b-subunit of electron transfer flavoprotein (ETF), was 9-fold and 3.6-fold less abundant in the transformant under dark-aerobic und dark-hypoxic conditions, respectively.
Regulation, signal transduction and NO. Transcripts coding for proteins with putative functions in regulatory and signal transduction pathways were often lower abundant in the amiCYG12 strain than in the wild-type ( Figure S7 and Data S1.4-S1.6). Cre13.g568500.t1.1, encoding a Myblike transcription factor (category 'gene expression') that was strongly up-regulated in the wild-type transferred to darkness (190-fold in aerobiosis and 170-fold in hypoxia) was not up-regulated in strain amiCYG12 ( /calmodulin dependent protein kinase II association domains, were both more than 60-fold less abundant in the transformant than in the wild-type under standard growth conditions (0 h). Both transcripts were strongly down-regulated in the parental strain CC-124 transferred to darkness, aerobically or hypoxically (Table 1) . A transcript for a Ca 2+ -dependent protein kinase, Cre13.g571700.t1.1, was lower abundant in the CYG12 knockdown strain than in the wild-type under all tested conditions (Table 1) . Additionally, five transcripts that code for possible Ca 2+ -transporting proteins (category 'metabolism') were 10-to 48-fold less abundant in the dark-aerobically incubated amiCYG12 strain than in the wild-type (Data S1.6). Three of these had also lower amounts in aerobiosis in the light (Data S1.4), while the other two were also affected in dark-hypoxia. Among the latter was Cre09.g399912.t1.1, coding for a possible osmosensitive Ca
2+
-permeable cation channel homologous to Arabidopsis OSCA1 (Yuan et al., 2014) that was over 60-fold upregulated in the C. reinhardtii wild-type transferred to darkness, but not in the transformant (Table 1) .
Notably, the amounts of several transcripts possibly involved in NO-related processes were lower in the CYG12 knockdown strain compared to the wild-type, both under dark-aerobic and dark-hypoxic conditions. In the presence of O 2 , two transcripts coding for hybrid cluster proteins (HCP2 and HCP3) were less abundant (Data S1.6). Cre16.g661200.t1.2 (THB8), ERM3, HCP1 and HCP4 had lower amounts in the transformant compared to the wildtype both in aerobiosis and hypoxia in the dark (Data S1.5, S1.6). As we already observed in our qRT-PCR analyses (Figure 2 ), THB8 levels were especially affected in the CYG12 knockdown strain (106-fold and 78-fold lower than in the wild-type in aerobiosis and hypoxia, respectively). Amounts of ERM3 were 20-(6 h +O 2 ) and 12-fold (6 h ÀO 2 ) lower in the transformant (Table 1) .
Analyses of transcript amounts in the complemented strains revealed a partial restoration of wild-type levels
We tested the relative abundances of several transcripts that were affected in the CYG12 knockdown strain for their restoration in the complemented strains amiCYG12-C1 and amiCYG12-C2 via qRT-PCR. CAS1 transcript levels were about three-fold lower in the dark-hypoxic amiCYG12 strain than in the wild-type, and they were restored in the complemented strain C1, but not in amiCYG12-C2 (Figure 8) . The relative abundance of POR1 was quite variable in the wild-type and the complemented strains under aerobic conditions in the light (0 h), but not in the CYG12 knockdown strain (Figure 8 ). Under these conditions, POR1 amounts reached on average 31% those of the wild-type in strain amiCYG12, and 44% and 60% in the complemented strains C1 and C2, respectively. In dark-hypoxia, strain ami-CYG12 had on average 47% of the POR1 amounts detected in its parent, while it reached 102% (C1) and 58% (C2) in the complemented strains (Figure 8 ). FLU transcript amounts decreased in all strains incubated in dark-hypoxic versus standard growth conditions, but in these experiments, which were independent from those conducted to isolate RNA for RNA-Seq, the relative abundance of FLU in the CYG12 knockdown strain was not much lower than in the wild-type (Figure 8) . Note that the oligonucleotides do not distinguish between the two FLU splice forms (Falciatore et al., 2005) and that only Cre10.g460050.t2.1, the shorter form, was significantly different in strain amiCYG12 versus the wild-type in the RNA-Seq data. However, the sum of the FPKM values obtained for both transcripts was also lower in the CYG12 knockdown strain than in the wildtype (Data S1.10). CAH1, MSD3 and FEA1 transcripts, which, in accordance with the transcriptome data, were much lower abundant in strain amiCYG12 than in its parent especially in aerobiosis in the light, showed considerable variability in the wild-type and the two complemented strains, but not in the CYG12 knockdown, and were mostly (strain amiCYG12-C1) or partially (amiCYG12-C2) restored upon complementation (Figure 8) .
The RNA-Seq data implied that strain amiCYG12 was impaired in down-regulating cell cycle-related genes. We tested ALK2, MIND1 and FTSZ1 independently, and the results corroborated those from the transcriptome analysis. Under standard growth conditions, the amounts of these transcripts were mostly similar in all strains, only FTSZ1 was very variable in the knockdown strain and, in the extreme case, reached 9-fold higher levels than in the wild-type (Figure 8 ). Relative abundances of these three transcripts decreased 12-to 32-fold upon dark-hypoxia in cells of the wild-type and the complemented strains, but only 2.5-to 5-fold in the CYG12 knockdown (Figure 8) .
We also tested PPD1 via independent qRT-PCR analyses. In the dark-hypoxic CYG12 knockdown strain, its transcript amounts were on average 2.4% those of the wild-type, while they reached 10% and 17% in the complemented Figure 8 . Levels of transcripts of different functional groups are partially restored in the complemented strains. RNA was isolated from the C. reinhardtii wild-type, strain amiCYG12 and the two complemented strains, amiCYG12-C1 and amiCYG12-C2, grown to densities of 2.7 AE 0.04 9 10 6 cells ml À1 (wild-type), 2.9 AE 0.09 9 10 6 cells ml À1 (amiCYG12), 2.7 AE 0.2 9 10 6 cells ml
À1
(amiCYG12-C1) and 2.7 AE 0.2 9 10 6 cells ml À1 (amiCYG12-C2) under aerobic conditions at a light intensity of 20 lmol of photons m À2 sec À1 (0 h) as well as after 6 h of dark-hypoxic incubation (6 h ÀO 2 ). qRT-PCR reactions were done using oligonucleotide pairs specific for the transcripts indicated above the individual charts. The bars represent the averages of three or four independent biological experiments, and the standard deviation is indicated by the error bars. Statistically significant differences of log 2 -transformed values from the wild-type ('a'), strain ami-CYG12 ('b') and the 0 h time-point ('c') are indicated by small letters.
strains amiCYG12-C1 and amiCYG12-C2, respectively (Figure 8) . THB8 abundances were strongly impaired in the CYG12 knockdown, as noted before (Figure 2 , and transcriptome data), and they were hardly restored in the complemented strains (Figure 8 ). On average, strain amiCYG12 contained 0.9% the THB8 amounts of the wild-type, while it was 1.4% and 2.1% in the complemented strains C1 and C2, respectively. The fold-changes of THB8 up-regulation tended to be moderately higher in strains amiCYG12-C1 and amiCYG12-C2 (109-fold and 145-fold compared with 33-fold in the knockdown strain), but reached by far not the fold-changes observed in the wild-type (more than 5000-fold on average). ERM3 transcript amounts, in contrast, were partially restored in the dark-hypoxic complemented strains and reached on average 39% and 68% the levels of the wild-type, while ERM3 amounts in the CYG12 knockdown strain were 17% those of the parental strain CC-124 (Figure 8 ).
Excess Ca 2+ improves hypoxic growth of strain amiCYG12
Several transcripts encoding proteins possibly involved in Ca
2+
-dependent signalling pathways or Ca 2+ transport were mis-abundant in strain amiCYG12. We tested if excess extracellular Ca 2+ (3 versus 0.34 mM) would rescue the growth defects of strain amiCYG12. In a low-O 2 atmosphere in the light, growth of the CYG12 knockdown was indeed moderately improved, and also the two complemented strains grew better ( Figure 9 ). In aerobiosis in darkness, however, strain amiCYG12 did not grow on either Ca 2+ concentration, while strains amiCYG12-C1 and amiCYG12-C2 grew, and growth of strain amiCYG12-C1 was improved on 3 versus 0.34 mM Ca 2+ (Figure 9 ). Higher external Ca 2+ concentrations had no apparent effect on the wild-type or the crr1 mutant. Because none of the strains was able to grow under low O 2 concentrations in the dark (Figure 9 ) it was interesting to test the effect of 12 h:12 h day:night cycles. In a normoxic atmosphere, the night phase did not prevent growth of any strain. Under low external O 2 concentrations, the wild-type as well as strains amiCYG12-C1 and amiCYG12-C2 grew, but considerably slower compared to aerobiosis (Figure 9 ). Neither the crr1 mutant nor strain amiCYG12 grew in a low-O 2 atmosphere in day-night cycles ( Figure 9 ). Excess Ca 2+ had no reproducible effect on the growth of the wild-type or the two complemented strains under this condition ( Figure 9 ).
DISCUSSION
CYG12 might be involved in cGMP signalling
In this study, we tested the hypothesis that CYG12, coding for a soluble guanylate cyclase, is involved in the hypoxic acclimation of C. reinhardtii. The CYG12 gene codes for a functional guanylate cyclase as has been shown by Winger et al. (2008) for the isolated catalytic domain and as we Figure 9 . Growth in normoxia and hypoxia under different conditions and with standard or excess concentrations of Ca 2+ . The C. reinhardtii wild-type CC-124, the crr1 mutant CC-5068, the CYG12 knockdown strain amiCYG12 as well as the complemented strains, amiCYG12-C1 and amiCYG12-C2, were grown in liquid TAP medium until they had reached cell densities of 2-3 9 10 6 cells ml À1 . Then, they were diluted to a cell density of 0.3 9 10 6 cells ml À1 and dropped in duplicates on agar plates containing standard (0.34 mM) or excess (3 mM; +Ca
2+
) concentrations of Ca
. They were incubated for 7 days in air (+O 2 ) or in hypoxia (ÀO 2 ) in low light (15 lmol of photons m À2 sec À1 ), or 18 days with (dark +O 2 ) and without O 2 (dark ÀO 2 ) in darkness, or in day-night cycles (12 h at 15 lmol of photons m À2 sec À1 and 12 h in darkness) (day/night +O 2 or ÀO 2 ). Roman numbers indicate independent assays. observed here for the full-length protein (Figure 1 ). The spectral characteristics of hemin-reconstituted CYG12 were similar to those reported before for mammalian sGCs (Gerzer et al., 1981; Stone and Marletta, 1994; Vogel et al., 1999) , indicating that also in CYG12, binding of NO results in the breakage of the proximal Fe-His-bond and leads to the formation of a pentacoordinate Fe-nitrosyl complex (Montfort et al., 2017; and references therein) . According to the spectra, CYG12 does not bind the O 2 molecule as shown for O 2 -sensing sGCs (Gray et al., 2004; Huang et al., 2007) . The activity of recombinant full-length CYG12 was considerably lower than that of the stand-alone catalytic domain (Winger et al., 2008) , of C. reinhardtii CYG56 (de Montaigu et al., 2010) or of full-length human sGCs (e.g. Allerston et al., 2013; and references therein) . cGMP production rates did not substantially increase in the presence of NO, as has been reported before also for C. reinhardtii CYG56 (de Montaigu et al., 2010) . For the time being, it is hardly possible to attribute these observations to either intrinsic and physiologically meaningful features of CYG12 or to the experimental procedure followed to obtain the protein. It is possible that, in vivo, CYG12 is part of a heterodimer as is the case for most animal sGCs (Montfort et al., 2017 , and references therein). Also, the long C-terminus of CYG12 (see Figure S11 ) might influence the activity. However, we could only obtain reasonable amounts of CYG12 protein from inclusion bodies, which required refolding and reconstitution with hemin. It is well possible that the protein was not folded properly. For now, we conclude that full-length CYG12 is an active, NO-binding sGC.
CYG12 is not only involved in responses to hypoxia
CYG12 indeed affects responses of C. reinhardtii to hypoxia, because a strain in which CYG12 expression was posttranscriptionally down-regulated by an amiRNA (strain ami-CYG12) was strongly impaired in its growth in very low O 2 concentrations in the light (Figure 3(a) ). This phenotype was improved in strains expressing a CYG12 transcript that was not targeted by the amiRNA (complemented strains amiCYG12-C1 and amiCYG12-C2), demonstrating that the CYG12-directed amiRNA was the cause for the hypoxic growth defect (Figures 4 and 9) . Transferred to darkhypoxia, strain amiCYG12 failed to regulate many genes to the same extent as the wild-type (Figures 2 and 8 and Data S1.5), suggesting that regulatory responses to hypoxia are disturbed upon CYG12 mis-expression. The CYG12 knockdown strain was able to grow on Cu-deficient medium, and, in dark-hypoxia, transcripts of known CRR1-targets showed similar fold-changes as in the wild-type (Table 1) . This indicates that the CRR1 signalling pathway is not disturbed in the transformant. Rather unexpectedly, strain amiCYG12 had further phenotypes. First, it was unable to grow heterotrophically (Figures 3(b) , 4 and 9). Second, photosynthetic parameters of this strain differed noticeably from the wild-type and the two complemented strains under standard growth conditions (Figures 5 and 6 ).
Chlamydomonas reinhardtii exhibits shared responses to darkness and hypoxia
The dark-aerobic growth defect of the CYG12 knockdown strain was very severe, hinting to an essential function of CYG12 in the acclimation to a heterotrophic lifestyle. In the wild-type, CYG12 transcript levels accumulated in dark-oxic conditions (Figure 2) , and the very pronounced variability of transcript amounts under this condition suggests that the dark-oxic regulation of the CYG12 gene is sensitive to moderately different states of the pre-cultures. This might explain why we did not observe similarly high foldchanges in dark-aerobic cells in our previous studies (Hemschemeier et al., 2013a,b) . Here, we also noted a sustained, although variable dark-oxic accumulation of hypoxia-targets such as HYDA1, HYDA2, Cre02.g095137.t2.1 (PFR) and THB8, which was impaired in strain amiCYG12 (Figure 2 , Table 1 ). It is a possibility that C. reinhardtii cell suspensions, when transferred to darkness, experience intracellular hypoxia because of high respiratory O 2 consumption rates, despite of permanent aeration (see materials and methods). Internal O 2 deficiency could result in the induction of genes known to respond to O 2 deprivation. However, we tested previously the effect of a PSII inhibitor on transcript amounts in the light, and HYDA1 and PFR were not among the transcripts that accumulated upon this treatment (Hemschemeier et al., 2013a) . This shows that a sudden drop of intracellular O 2 levels is at least not the only factor that regulates these genes. In our previous study, we suggested that darkness itself might be a stimulus (Hemschemeier et al., 2013a) . In this context it is noteworthy that CYG12 transcripts did not accumulate in the wild-type upon purging with N 2 in the light, suggesting that darkness might be requisite for the transcriptional response. Notably, the amounts of several transcripts that we noted to increase upon the shift from light to dark-normoxic conditions, such as CYG12, THB8, HYDA1 and HYDA2, decrease in dark-grown C. reinhardtii cells shifted to illumination (Duanmu et al., 2013) .
In C. reinhardtii cultures that are grown in regular daynight cycles, CYG12 and THB8 accumulate moderately upon the transition to darkness, but especially in the later hours of the night, while HYDA1 and HYDA2 transcript levels begin to rise significantly already in the middle of the light phase (Zones et al., 2015) . Whitney et al. (2011) also came to the conclusion that several genes involved in fermentation are responsive to daily light cycles. It might be speculated that these genes are regulated by darkness and/or the diurnal cycle and that genetic programs in the microalga have evolved to anticipate hypoxia in darkness, which is probably not uncommon in nature. Additionally, metabolic adjustments to darkness in the presence of O 2 probably overlap with those required for tolerating darkhypoxia. The absence of photosynthetic ATP production is a common factor, which forces the cell to generate energy through oxidative pathways that rely on the availability of internal or external substrates. In Arabidopsis, the energydemanding process of translation is restricted in both, hypoxia and unanticipated darkness, and several transcripts are affected under both conditions (Juntawong and Bailey-Serres, 2012) . Hypoxia poses an additional challenge because it impairs or abolishes ATP generation through respiratory electron transport. Indeed, we noted that dark-hypoxic C. reinhardtii cells exhibited much more pronounced transcriptional changes ( Figure S5 ), while most of the transcripts that had significantly different abundances in dark-oxic cells were also affected in darkhypoxic cultures ( Figure S6 ).
CYG12 might be involved in the induction of strategies aimed to conserve the energy budget
Growth of the C. reinhardtii wild-type under very low external O 2 concentrations in the light is impaired by the NO scavenger PTIO (Hemschemeier et al., 2013b) . Here, the alga was unable to grow in normoxia in darkness when PTIO was present (Figure 3(b) ), which suggests a role of NO also in the regulatory adjustments required for heterotrophy. The similarity of the phenotypes of the wild-type in the presence of PTIO and the amiCYG12 strain hint to CYG12 being involved in this NO-dependent acclimation. In our transcriptome analyses of the wildtype we noted, besides CYG12, the accumulation of transcripts coding for proteins putatively involved in NOrelated processes, such as ERM3 (a possible NO-forming nitrite reductase), CYP55B1 (an NO reductase; Plouviez et al., 2017) and HCPs, in both dark-oxic and dark-hypoxic conditions (Table 1 and Data S1.1 and S1.2). The up-regulation of most of these transcripts, including THB8, was impaired in the CYG12 knockdown strain (Data S1.5 and S1.6). Notably, THB8 transcript levels and fold-induction, respectively, were only marginally restored in the complemented strains (Figure 8 ), while most phenotypes of strain amiCYG12 were restored in these cells. This suggests that THB8 acts upstream of CYG12, and that the severe phenotype we observed for amiTHB8 strains before (Hemschemeier et al., 2013b) might be due to their low CYG12 transcript levels. In contrast, ERM3 amounts were mostly restored in strains amiCYG12-C1 and ami-CYG12-C2. Although speculative for the time being, ERM3 might be involved in NO generation in the C. reinhardtii strain CC-124. In the microalga, nitrate reductase and nitrite are involved in NO production (Chamizo-Ampudia et al., 2017; and references therein), however, the strain we analyzed here is deficient for nitrate reductase. To date, neither the substrate nor the (enzymatic) process resulting in NO generation in this strain are known, but an internal source of nitrite has been proposed (Wei et al., 2014) .
In the C. reinhardtii wild-type strain CC-1690, NO accumulation follows day-night cycles. NO concentrations increase over the day, then a sharp decrease occurs upon the transition to darkness, followed by a moderate increase during the night (Pokora et al., 2017) . The authors of that study suggested that the balance between H 2 O 2 and NO might participate in cell cycle regulation. Here, we did not synchronize our cell cultures by regular day-night cycles, instead we applied continuous illumination. The transition to darkness, however, can have an immediate inhibitory effect on cell division (V ıtov a et al., 2011) . The transcriptome profiles of strain amiCYG12 obtained here showed that many transcripts (putatively) involved in different aspects of the cell cycle had higher amounts compared with the wild-type in darkness ( Figure S7 and Data S1.5 and S1.6). In most cases, the differences in transcript amounts appeared to be due to a malfunctioning regulation. We have suggested before that in dark-hypoxia, C. reinhardtii restricts energy consuming processes such as translation and cell division as part of an energy-saving program (Hemschemeier et al., 2013a) , which seems to be disturbed in the CYG12 knockdown strain.
Additionally, the RNA-Seq data implied that in darkness, the induction of energy generating pathways was impaired in strain amiCYG12. Transcripts encoding proteins involved in the catabolism of amino acids formed a noticeable group. ETF2, coding for the b-subunit of ETF, was also affected. The mitochondrial ETF transfers electrons that it receives from several dehydrogenases to electron transfer flavoprotein:ubiquinone oxidoreductase. In Arabidopsis, this system is essential for survival in darkness and probably involved in the catabolism of amino acids (Ishizaki et al., 2005 (Ishizaki et al., , 2006 . Here, in the wild-type, transcripts involved in the catabolism of amino acids accumulated especially in dark-hypoxia, where respiratory electron transport is impaired. However, products of amino acid degradation can also enter the gluconeogenetic pathway. We proposed before that the TCA-or glyoxylate cycle and gluconeogenesis might be operative in dark-hypoxic C. reinhardtii cells, and that PFR-mediated H 2 -production, utilizing oxaloacetate as a substrate, might support these metabolic pathways (Hemschemeier et al., 2013a; and references therein; Noth et al., 2013) . Here, the dark-incubated strain amiCYG12 had lower amounts of PFR, HYDA2, MME3 (encoding a malic enzyme) and of PPD1 (coding for pyruvate phosphate dikinase) (Table 1 and Data S1.6). It also consumed acetate slower, and starch faster than the wild-type ( Figure S3 ), suggesting an imbalance of substrate utilization. Notably, while the down-regulation of cell cycle-related transcripts was restored in strains amiCYG12-C1 and amiCYG12-C2, they exhibited only a marginal restoration of PPD1 transcript levels (Figure 8 ). This might explain why the heterotrophic growth defect was not fully rescued in the complemented strains and indicates that both responses are vital for C. reinhardtii to grow in aerobiosis in prolonged darkness. It might be suggested that CYG12 is involved in a signal transduction cascade that mediates the induction of energy conserving responses under adverse conditions, and that the failure of strain amiCYG12 to grow under low O 2 concentrations in the light or under normoxia in the dark is due to an exhaustion of resources. We noted several transcripts coding for proteins with putative regulatory functions to be mis-abundant in the CYG12 knockdown strain, including several that probably function in Ca 2+ -dependent processes (Data S1.4-S1.6). These might be targets downstream of the proposed cGMP-dependent signalling cascade.
Are all phenotypes of strain amiCYG12 due to a malfunction of photosynthesis?
The most unexpected phenotype of the CYG12 knockdown strain was its disturbed photosynthetic apparatus under standard growth conditions, i.e. in the presence of light and O 2 . Under this condition, we could not detect lower CYG12 transcript levels in strain amiCYG12 than in the wild-type (Figure 2) . However, cellular Chl content, photosynthetic O 2 evolution and 77K Chl fluorescence emission spectra, that were all significantly affected in the CYG12 knockdown strain, were restored in the complemented strains ( Figures 5 and 6 ), indicating that the amiRNA construct targeting CYG12 was indeed responsible for this phenotype. Most likely, CYG12 was affected on both the transcript and the translational level by the amiRNA, since small RNAs in plants and C. reinhardtii can trigger both, target cleavage and translational arrest (Ma et al., 2013; Reis et al., 2015; Yamasaki et al., 2016) .
At this time, we cannot pinpoint the molecular cause for the altered photosynthetic apparatus of strain amiCYG12, and neither whether the Chl content affected the photosynthetic apparatus or vice versa. Several transcripts encoding tetrapyrrole and/or Chl biosynthetic enzymes were lower abundant in strain amiCYG12 especially in dark-hypoxia, while only transcripts PBGD1 and POR1, coding for porphobilinogen deaminase and light-dependent protochlorophyllide reductase, fell within our cutoff under standard growth conditions (Table 1) . Chlamydomonas reinhardtii mutants deficient for POR1 have only about 40% the cellular Chl of the wild-type (Ford et al., 1981) , and here, POR1 transcript levels were partially restored in the complemented strains, suggesting that the misregulation of this gene might contribute to the low-Chl phenotype of strain amiCYG12. Defects in Chl biosynthesis or its regulation can have severe impacts on the amounts of photosystemor LHC proteins as well as their structure and the resulting light energy transfer within the photosynthetic apparatus (e.g. Moseley et al., 2002b; Formighieri et al., 2012; Bujaldon et al., 2017) . In strain amiCYG12, 77K Chl fluorescence spectra showed an increased and slightly blue-shifted emission maximum for PSI/LHCI (Figure 6 ), which might be indicative of uncoupled LHCI antennae (Moseley et al., 2002a; Wlodarczyk et al., 2016) . The abundance of PSAK, encoding a PSI subunit involved in LHCI-PSI-coupling and LHCI-PSI-stabilization (Jensen et al., 2000; Moseley et al., 2002a; Ozawa et al., 2010) , was indeed significantly lower in the CYG12 knockdown strain than in its parent (Table 1) .
On the other hand, regulatory processes affecting the state of the photosynthetic apparatus might be disturbed in strain amiCYG12, resulting in a negative feedback on Chl biosynthesis. The 77 K spectra can also be interpreted in a way that even under standard growth conditions the CYG12 knockdown strain was in pronounced state 2 conditions, in which LHCII complexes are attached to the PSI-LHCI supercomplex (Minagawa and Tokutsu, 2015) , although the effect of DCMU suggests that the strain is not locked in state 2. In the C. reinhardtii wild-type, transitions to state 2 are usually phenomenologically connected to the induction of CEF (e.g. Finazzi et al., 2002) , despite their functional independence (Terashima et al., 2012; Takahashi et al., 2013) . Possibly, structural or regulatory aspects of CEF are affected in strain amiCYG12 as also suggested by altered CAS1 transcript levels (Table 1 and Figure 8 ). The Ca 2+ sensor CAS1 is important for CEF in hypoxic C. reinhardtii cells (Terashima et al., 2012) , which in turn is essential for the alga to grow under low external O 2 concentrations in the light (Terashima et al., 2012; Kukuczka et al., 2014) . Ten-fold elevated Ca 2+ concentrations moderately improved the hypoxic growth defect of the CYG12 knockdown strain (Figure 9 ), which might be related to a function of CAS1. Notably, Ca 2+ (and CAS) affect numerous photosynthetic processes (Hochmal et al., 2015;  and references therein) including Chl content in Arabidopsis (Huang et al., 2012; Wang et al., 2014) and the CCM in C. reinhardtii (Wang et al., 2016b) . The molecular function of CYG12 in adjusting the photosynthetic apparatus remains to be elucidated. The chloroplast can be a source of NO (Jasid et al., 2006; Tewari et al., 2013) , and NO production can be impaired by herbicides, suggesting a connection to photosynthetic electron transport (Galatro et al., 2013) . cGMP influences photosynthesis-related and light-related processes in Arabidopsis (Donaldson et al., 2016 ; and references therein) and C. reinhardtii (Petroutsos et al., 2016) . Through cGMPgated ion channels, intracellular ion fluxes, including those of Ca 2+ , might be affected and result in the Ca 2+ -related phenotype. The mis-abundance of several NO-related transcripts suggests a disturbed NO metabolism in strain amiCYG12, which in turn might affect regulatory routes that involve cysteine S-nitrosylation. Many proteins of the photosynthetic metabolism of C. reinhardtii can be S-nitrosylated, such as PSII and PSI subunits, LHC proteins and enzymes of Chl biosynthesis including POR1 (Morisse et al., 2014) . NAB1, a cytosolic protein that represses the translation of LHCBM mRNAs and whose transcript was also mis-regulated in strain amiCYG12 (Table 1) , can be deactivated by S-nitrosylation (Berger et al., 2016) . While strain amiCYG12 was able to grow photoautotrophically, showing that photosynthesis was still sufficiently operable, it is well possible that the disturbed photosynthetic apparatus of the transformant was responsible for its phenotypes in hypoxia in the light and normoxia in darkness. Its hypoxic growth defect in the light might simply be due to a malfunctioning CEF. Aberrant retrograde signals from the chloroplast might be the cause for the inability of the CYG12 knockdown strain to acclimate to darkness. Numerous chloroplast-derived signals are involved in the regulation of nucleus-encoded genes, such as intermediates of tetrapyrrole and Chl biosynthesis, reactive oxygen species, metabolites and the redox balance of the photosynthetic electron transport chain (Gollan et al., 2015; Dietz et al., 2016; Kleine and Leister, 2016) . The state of the photosynthetic apparatus can indeed influence growth of Arabidopsis in long nights (Br€ autigam et al., 2009) . CAS and Ca 2+ have also been implicated in retrograde signalling and affect genes involved in photoacclimation and the CCM (Petroutsos et al., 2011; Wang et al., 2016b) , of which several were affected in strain amiCYG12, too (Table 1) . We noticed that the abundances of several photosynthesis-related transcripts were very variable in the C. reinhardtii wild-type as well as the two complemented strains amiCYG12-C1 and amiCYG12-C2, such as CAH1, POR1, MSD3 and FEA1, but not in the CYG12 knockdown strain (Figure 8 ). CYG12 transcripts themselves were quite variable in darkness, suggesting varying signals that might arise from the photosynthetic apparatus. CYG12 is indeed lower abundant in a C. reinhardtii gun4 mutant affected in retrograde signalling (Formighieri et al., 2012) , and its amounts decrease strongly upon a sudden dark-light shift (Duanmu et al., 2013) , while they increase moderately upon PSII inhibition (Hemschemeier et al., 2013a) and NO treatment (Hemschemeier et al., 2013b) . It might be speculated that CYG12 is involved in the regulation of the photosynthetic apparatus, while being itself susceptible to light signals, resulting in a feedback loop that allows C. reinhardtii to acclimate to conditions that impact the cellular energy status.
EXPERIMENTAL PROCEDURES
Organisms and standard growth conditions Escherichia coli. Escherichia coli strain DH5a MCR was used for cloning procedures and routinely grown in Lysogeny Broth (LB) Lennox medium (Carl Roth GmbH, www.carlroth.com) supplemented with 100 lg ml À1 ampicillin at 37°C upon shaking at 180 rpm. Heterologous expression of C. reinhardtii CYG12 was done in E. coli
) (Merck Millipore, www.merckmillipore.com).
Generation of CYG12 knockdown strains
The artificial microRNA (amiRNA) system developed by Moln ar et al. 0 -TTCTTGA TATTCCATTAGCTA-3 0 /5 0 -TTCTCAATATTCCATTAGCTA-3 0 (the two mismatches are underlined), which targets the CYG12 3 0 -UTR, was selected using the WMD3 Web Micro RNA Designer. The oligonucleotides provided by the program (forward: 5 0 -ctagtTA GCTAATGGAATATTGAGAAtctcgctgatcggcaccatgggggtggtggtgatc agcgctaTTCTTGATATTCCATTAGCTAg-3 0 and reverse: 5 0 -ctagcTAGCTAATGGAATATCAAGAAtagcgctgatcaccaccacccccatggtgccga tcagcgagaTTCTCAATATTCCATTAGCTAa-3 0 ) were ordered from Sigma-Aldrich (www.sigmaaldrich.com) and cloned into vector pChlamiRNA3int according to Moln ar et al. (2009) . Sequencing of the construct was done at the chair for biochemistry, Biochemistry I, receptor biochemistry, at the Ruhr-University of Bochum, Germany. In total, 6 9 10 7 cells of C. reinhardtii strain CC-124 were transformed with 1.5 lg of the circular plasmid applying the glass-bead method after removal of the cell wall using autolysin (Kindle, 1990) . Cells were selected on agar plates containing 20 lg ml À1 paromomycin.
Complementation of the CYG12 knockdown strain
A chimeric construct was generated by fusing the CYG12 coding sequence (CDS) to the putative promoter of the CYG12 gene and the CYG12 5 0 -UTR, but replacing the CYG12 3 0 -UTR by that of the C. reinhardtii PSAD transcript. The construct was cloned into plasmid pSL18 (Dep ege et al., 2003) . In pSL18, the PSAD promoter and 5 0 -UTR were first replaced by the first intron of the RBCS2 gene. The intron was amplified from C. reinhardtii genomic DNA using oligonucleotides that added an EcoRI restriction site to the 5 0 -end (5 0 -ATGAATTCGTGAGTCGACGAGCAAGC-3 0 ) and an XhoI site to the 3 0 -end (5 0 -ATCTCGAGCTGCAAATGGAAACGGCG-3 0 ) (recognition sites are written in underlined bold letters). Then it was cloned in 3 0 ?5 0 direction into vector pSL18 from which the PSAD promoter and 5 0 -UTR had been removed by XhoI and EcoRI digestion, resulting in plasmid pAH59. The CYG12 5 0 -UTR plus 450 nucleotides upstream of the transcription start site was amplified from genomic DNA using the primer forward-#1 (5 0 -ATATGAATT-CAGCGCTCGTGAAGAGGAGTCG-3 0 ), which adds an EcoRI restriction site, and reverse-#1 (5 0 -CCGGTTGAATTCATTTCGTGCAGGA ATACTGTTCG-3 0 ), which binds 60 nucleotides upstream of the CYG12 start codon (PCR product #1). The CYG12 CDS was amplified from C. reinhardtii strain CC-124 cDNA (see generation of cDNA below) with primers forward-#2 (5 0 -AATGAATTCAACCG GGTGTTG-3 0 ), which binds 74 nucleotides upstream of the start codon, and reverse-#2 (5 0 -ATATTCTAGATTACTTCTCGAACTGG GGGTGGCTCCAGGCGCTCTCCAAACACGGGTTGTCAG-3 0 ). The latter primer excludes the CYG12 stop codon and adds a Strep-tag plus a Ser-Ala linker encoding sequence that was manually codon-optimized for C. reinhardtii (using the codon usage table at www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=3055&aa= 1&style=N; the Strep-tag coding sequence is underlined). It also adds a new stop codon and an XbaI restriction site (PCR product #2). A fusion PCR on PCR products #1 and #2 using primers forward-#1 and reverse-#2 was conducted. Both pAH59 and the PCR fusion product were cut with EcoRI and XbaI and ligated, resulting in plasmid pMD-CYG12. Finally, the paromomycin resistance cassette in pMD-CYG12 was exchanged by a hygromycin B resistance cassette which was amplified from plasmid pHyg3 (Berthold et al., 2002) using the primers Hyg-for (5 0 -CGCGCTCGAGGAATTCGATAT-CAAGCTTCT-3 0 ) and Hyg-rev (5 0 -CGGGGATCCTTATCAGGCGCCG-3 0 ) that add 5 0 -XhoI and 3 0 -BamHI restriction sites, respectively. The cassette was obtained by partial digestion of the PCR product and ligated with XhoI-BamHI-cut pMD-CYG12, resulting in plasmid pMD-CYG12-Hyg.
Strain amiCYG12 was transformed with Eam1105I-linearized pMD-CYG12-Hyg by electroporation as reported before (Sawyer et al., 2017) , with 500 ll of the cell suspension being transferred to a 2 mm gap size electroporation cuvette (VWR, https://de.vwr.c om) and adding 0.75 g DNA. Transformants were selected on 150 lg ml À1 hygromycin and colonies were randomly tested for the integration of the chimeric CYG12-PSAD construct. Genomic DNA was isolated using a method modified from Newman et al. (1990) , and PCRs were conducted using oligonucleotides that amplified overlapping fragments of the construct (Table S2 and Figure S2(a, b) ). To verify that the construct was transcribed, PCRs were conducted on cDNA utilizing a forward primer that binds within the CYG12 CDS and a reverse primer that anneals to the Strep-tag encoding sequence (primers Cy7 and Str1; Table S2 and Figure S2(a, c) ).
Specific growth and incubation conditions
Growth assays of C. reinhardtii strains on solid medium. Algae cells were counted using a haemocytometer after fixation with 10 ll of 0.25% (w/v) iodine in ethanol per 1 ml of cell suspension. The Chl concentration was determined in acetonic cell extracts (80% (v/v) acetone) according to Wellburn (1994) . For growth tests on agar plates, the algae were grown in liquid TAP medium under standard growth conditions and then diluted with fresh medium to obtain the cell densities indicated in the text. In total, 10 ll of the dilutions were dropped in duplicates on agar plates and briefly dried under the clean bench. Hypoxic growth was established using the GENbag Anaer system from bioM erieux (www.biomerieux.de), which employs catalysts to reduce the O 2 concentration in air-tight bags to <0.1%. The absence of O 2 was monitored using the Anaer indicators from bioM erieux. Growth was analyzed in low light (15 lmol of photons m À2 sec
À1
), in continuous darkness, or in 12 h light (15 lmol of photons m À2 sec À1 ) -12 h dark cycles. Growth under copper (Cu) deficient conditions was done on agar plates based on TAP medium that contained trace elements according to Kropat et al. (2011) . Cu salts were omitted, and 50 lM of the Cu-chelator triethylenetetramine (TETA) were added. All solutions for Cu-free media were prepared in HCl-washed glassware. For photoautotrophic growth, agar plates based on the TAP recipe, but lacking acetate, were used. When indicated, the agar plates contained extra CaCl 2 to reach a final concentration of 3 mM, 100 lM PTIO or 100 lM sodium nitrite.
Incubation of cell suspensions under (dark-)hypoxic and dark-oxic conditions. To establish hypoxic conditions in the dark, the cells were first grown under standard growth conditions in liquid TAP medium (250 ml in 500 ml Erlenmeyer flasks) to a cell density of about 3 9 10 6 cells ml
. Then, 110 ml of the algae were transferred directly from the growth flasks to squared glass bottles that had a total volume of 118 ml after the insertion of a gas-tight red rubber Suba-Seal â 37 (Sigma-Aldrich), placed in complete darkness at 20°C and mixed by stirring. Incubated in the sealed chamber of the Clark-type oxygen electrode system Chlorolab II (Hansatech; www.hansatech-instruments.com) in the dark, C. reinhardtii cells consume the dissolved oxygen to concentrations that are not detectable by the electrode (Hemschemeier, 2013) . This was the case for all strains analyzed in this study. According to calculations using respiratory rates of cells at densities of about 3 9 10 6 cells ml
, the time to virtual anoxia in the 118 ml glass bottles was between 40 and 80 min. Because no additional manipulation of the cells is applied, we named this experimental set-up 'self-anaerobization' (Hemschemeier et al., 2013a) . For dark-aerobic incubation, 100 ml of cells were transferred to 500 ml glass beakers loosely covered with aluminium foil and stirred well (300 rpm) with large stir bars. The O 2 electrode system Chlorolab II (Hansatech) was employed to test the O 2 equilibrium in 1 ml of cell suspensions incubated in the dark in the unsealed measuring chamber. In at least three independent experiments, the equilibrium O 2 concentrations at ca. 22°C were 179 AE 37 lM (wild-type), 190 AE 24 lM (amiCYG12), 174 AE 15 lM (amiCYG12-C1) and 184 AE 19 lM (amiCYG12-C2). The expected O 2 concentrations in the experimental vessels of both dark-hypoxic and dark-normoxic incubation were periodically confirmed after 6 h using a portable O 2 sensor (GOX20, Greisinger, www.gre isinger.de/). For qRT-PCR and RNA-Seq analyses, samples of algae incubated under hypoxic or oxic conditions in the dark were withdrawn after 6 h of incubation. During this period of time, none of the strains exhibited a considerable increase in cell number.
To test CYG12 transcript accumulation in hypoxia in the light, the cells were incubated under standard growth conditions (250 ml in 500 ml Erlenmeyer flasks) to a cell density of 3.3 AE 0.5 9 10 6 cells ml
. Then, the flasks were sealed gas-tight with a rubber stopper that was pierced by glass capillaries through which sterile N 2 gas was purged through the cell suspension for 6 h. The hypoxic response of the cells was verified by confirming FDX5 transcript accumulation via qRT-PCR (see below).
Characterization of the photosynthetic apparatus and respiration rates
Determination of O 2 exchange rates. O 2 evolution rates in the light and O 2 consumption rates in the dark were determined using a Clark-type oxygen electrode (model respire 1 from Hansatech). To calibrate the electrode, sodium dithionite was used to achieve 0% O 2 , and the O 2 concentration of air-saturated water was defined as 100%. Next, 2-ml aliquots of C. reinhardtii cell suspensions were first incubated in the measuring chamber upon illumination with cool-white fluorescence bulbs at ca. 35 lmol of photons m À2 sec À1 and at 22°C for 5 min. Then, the algae were shaded, and O 2 consumption rates in the dark were recorded for 5 min, followed by the recording of the O 2 evolution rates in illuminated cells for 5 min. For the calculation of the gross rates of photosynthetic O 2 evolution, the absolute O 2 consumption rates measured in the dark were added to the O 2 evolution rates in the light. The Chlorolab II system (Hansatech) was employed to test the effect of KCN and SHAM on total respiratory O 2 consumption rates. The algae were first incubated for at least 5 min in darkness to record the total respiratory rate. Then, 1 mM of KCN (from a 0.1 M solution in water) was added, and the O 2 uptake rate was recorded for at least 5 min, followed by the addition of 1 mM SHAM (from a 0.1 M stock solution in ethanol) and the subsequent recording of the O 2 concentration changes for additional 5 min.
Chlorophyll fluorescence emission spectra measured at 77 K. To record Chl fluorescence emission spectra at 77 K, aliquots of the C. reinhardtii cell suspensions were removed from the incubation flasks using a pipette (oxic incubation) or a syringe (hypoxic incubation) and, if necessary, quickly diluted to a concentration of 2.5 9 10 6 cells ml À1 with fresh TAP medium. The effect of DCMU was tested in algae grown in 50 ml of liquid TAP medium under standard growth conditions to a cell density of 2 9 10 6 cells ml
À1
. Each culture was divided in half and distributed to two fresh flasks. To one aliquot, 10 lM of DCMU (1 mM in ethanol) was added, while the other half remained untreated. Both were then kept under standard growth conditions for 15 min before taking samples. In all cases, 1 ml of the cells were transferred to glass tubes (4 mm diameter) and snap-frozen in liquid nitrogen. The frozen tubes were put into a single-beam luminescence spectrometer (AMINCO-Bowman Series 2 (AB2) spectrometer, Polytec, www.polytec.com/de) operated by the software for AB2 luminescence spectrometers (v4.2). Excitation of the samples was done with light of a wavelength of k = 435 nm, and a fluorescence emission spectrum was recorded from k = 650 nm to k = 750 nm. The instrument correction option was applied.
Quantification of acetate and starch
The algae were grown and subsequently incubated under darkhypoxic and dark-oxic conditions as described above with the following modifications: 500 ml of algal suspensions were grown in 1 l Erlenmeyer flasks on a rotary shaker (120 rpm) with top-down illumination of 40 lmol of photons m À2 sec
À1
, and for each sample of dark-hypoxically incubated cells, one individual flask was prepared. At the time-points indicated, each one flask was opened and 10 ml-samples were withdrawn from these as well as from the open beaker. The cells were harvested by centrifugation (4 min at 4°C and 3220 g). 2 ml of the spent growth medium were transferred to fresh reaction tubes and stored at À20°C before quantifying acetate employing an acetate determination kit (Cat. No. 10148261035 from Roche/r-biopharm, www.r-biopharm.com) in four-fold diluted samples. To determine starch, Chl was first extracted from the cell pellets in 10 ml of 80% (v/v) acetone. The pellets were then resuspended in 300 ll of A. bidest and incubated for 20 min at 99°C upon repeated mixing. After 5 min of centrifugation (4°C, 3200 g), 100 ll of the supernatant were mixed with 800 ll A. bidest and 100 ll Lugol's solution [0.15% (w/v) iodine, 0.75% potassium iodide in water] and the absorption was measured at 580 nm. Quantification was achieved employing defined starch solutions of 0.001-0.005% (w/v) as standards.
RNA isolation and quantitative reverse transcription PCR (qRT-PCR)
RNA isolation and DNase treatment. 50 ml of algae (ca.
1.5 9 10 8 cells) were harvested in precooled 50 ml centrifuge tubes by centrifugation (2 min at 4°C and 3220 g). The pellet was resuspended in 0.8 ml lysis buffer (50 mM Tris-HCl pH 8.0, 0.3 M NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA)) equilibrated at room temperature, transferred to a 2 ml reaction tube containing 0.15 ml of 20% (w/v) sodium dodecyl sulfate (SDS), vigorously vortexed, and then stored at À80°C until further processing. For RNA isolation, the samples were thawed on ice and vortexed repeatedly during the process. 0.8 ml of acidic phenol (Roti â -Aqua-Phenol, Carl Roth, www.carlroth.com) were added, the mixture was vortexed and afterwards centrifuged for 15 min at 4°C and 14 046 g. This step was repeated at least twice. Then, the aqueous phase was mixed with 0.8 ml chloroform:isoamylalcohol 24:1 (v/v), vortexed, and centrifuged for 8 min at 4°C and 14 046 g. This step was repeated once. Afterwards, the aqueous phase was mixed with 2.5-fold of its volume of ethanol, incubated overnight at À20°C and then centrifuged for 45 min at 4°C and 20 817 g. The pellet was washed with 0.8 ml 70% (v/v) ethanol, centrifuged for 30 min at 4°C and 20 817 g, dried under the clean bench and then resuspended in LC-MS grade water (LiChrosolv â , Merck, www.merckmillipore.com). The concentration of the dissolved nucleic acids was determined using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, www.thermofishe r.com). To remove DNA, 40 lg of nucleic acids were treated with TURBO TM DNase from Ambion/Thermo Fisher Scientific in a total volume of 300 ll containing 2 U ll À1 DNase for 1.5 h at 37°C. To inactivate DNase, the samples were incubated for 15 min at 75°C after addition of EDTA, pH 8.0, to a final concentration of 15 mM. Then, 0.3 M sodium acetate (pH 7.0) and 775 ll ethanol were added and the solution was incubated overnight at À20°C. Precipitation and washing of the RNA was done as described above.
cDNA synthesis and qRT-PCR. cDNA was synthesized by M-MLV reverse transcriptase in the presence of recombinant RNasin â ribonuclease inhibitor (both from Promega, www.prome ga.de). 5 lg of total DNase-treated RNA were first incubated for 15 min at 65°C in the presence of 5 nmol peqGOLD dNTP mix (VWR Peqlab) and 0.5 lg oligo(dT) 18 primers (Sigma-Aldrich) in a total volume of 14 ll and then put on ice. RNasin (40 U), 200 U M-MLV and M-MLV RT 59 reaction buffer were added to a final volume of 20 ll. Reverse transcription was carried out at 37°C for 1.5 h before heat-inactivation at 70°C for 15 min. The samples were diluted 10-fold with LC-MS grade water before using them in qRT-PCR reactions. qRT-PCR was done as described before (Huwald et al., 2015) with the oligonucleotides listed in Table S3 . Relative transcript abundances were calculated according to Pfaffl (2001) using RCK1 (Cre06.g278222.t1.1) as the reference transcript and multiplying by 1000.
RNA sequencing (RNA-Seq)
For RNA-Seq, cells were grown under standard growth conditions to a cell density of about 3 9 10 6 cells ml À1 and RNA was isolated from these cells as well as from aliquots subjected for 6 h to darkhypoxic or dark-aerobic incubation as described above. Each sample was prepared in biological duplicates. After DNase treatment, the integrity of the RNA was verified by Agilent 2100 Bioanalyzer analysis using the Plant RNA Nano assay (Agilent, www.agilent.c om). RNA-Seq including library preparation and bioinformatics was carried out by the company Fasteris SA, Switzerland (www.fa steris.com/dna/) applying the Illumina sequencing technology on a HiSeq 2500 instrument. The library was prepared according to the Illumina TruSeq Stranded mRNA Library Prep kit. 24 samples (12 from another project) were multiplexed and all 24 samples including PhiX spikes were run on two lanes (HiSeq High Output (HO) Version 4 mode; single 50 bps reads, v4 chemistry). Mapping was done against the C. reinhardtii genome version 5.5 on Phytozome 11 (https://phytozome.jgi.doe.gov/pz/portal.html#!info?alia s=Org_Creinhardtii) (assembly file: Creinhardtii_281_v5.0, annotation file: Creinhardtii_281_v5.5.gene_exons.gff3) using Bowtie (Langmead et al., 2009) , Tophat ) and SAMtools (Li et al., 2009) . Expression estimation, normalization and comparisons were done using Cufflinks and Cuffdiff (Trapnell et al., 2010) .
Functional annotation of those transcripts whose amounts were significantly (q-value ≤0.05) and at least 4-fold different in two conditions or strains was done manually by the authors. The deduced polypeptide sequences of the transcripts were analyzed by the Basic Local Alignment Search Tool BlastP or Domain Enhanced Lookup Time Accelerated (DELTA) BLAST on NCBI, by InterProScan sequence search (www.ebi.ac.uk/interpro/search/sequence-sea rch) and by TMHMM Server v. 2.0 (prediction of transmembrane helices in proteins, (www.cbs.dtu.dk/services/TMHMM). A domain or motif was only assigned when the E-value was below 1 E À04 .
SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses
To obtain crude protein extracts of algae, the cell pellet of 2 ml of algae was resuspended in 200 ll sample buffer (0.05 M Tris-HCl pH 8, 5% (v/v) glycerol, 1.5% (w/v) SDS, 0.05 mg ml À1 bromophenol blue, 2.5% (v/v) b-mercaptoethanol). Before performing 10% SDS-PAGEs according to Laemmli (1970) , the lysates were heated at 95°C for 5 min, and volumes corresponding to 5 9 10 5 cells were loaded onto the gels. Coomassie-Blue R250 was used to visualize protein bands within polyacrylamide gels. For immunoblot analyses, proteins were transferred onto polyvinylidene difluoride (PVDF) membranes using the Mini Trans-Blot (Park and Rodermel, 2004) , anti-PSAD (Fischer et al., 1997) , anti-PGRL1 (Naumann et al., 2007;  termed C_420064 in this study) and anti-ANR1 (Terashima et al., 2012) ] were used in 1:5000 dilutions, and incubation was done in blocking buffer for 2 h at room temperature. The second antibody was anti-rabbit IgG conjugated with horse radish peroxidase (HRP). Chemiluminescence was detected after addition of SuperSignal TM West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) using the ChemiImager TM Ready imager from Biozym (www.biozym.com).
Heterologous expression of CYG12 in E. coli and protein purification
For heterologous expression of CYG12, the full-length CDS was cloned into vector pASK-IBA3plus (IBA GmbH, www.iba-lifescie nces.com). Oligonucleotides that add BsaI restriction sites for inframe cloning into pASK-IBA3plus were designed using the Primer D'Signer 1.1 software from Iba GmbH (forward: 5 0 -A TGGTAGGTCTCAAATGCTGGGCTGGTATGACCGTGCC-3 0 , reverse: 5 0 -ATGGTAGGTCTCAGCGCTCTCCAAACACGGGTTGTCAGCT-3 0 ). Escherichia coli Rosetta TM (DE3) was transformed with 100 ng of the resulting construct by electroporation in a 1 mm gap size electroporation cuvette (VWR, https://de.vwr.com) using a Bio-Rad (www.bio-rad.com) Gene-Pulser â II system and a pulse of 1.8 kV, 25 lF and 600 Ω. Transformed cells were grown overnight in 100 ml Terrific-Broth (TB) medium containing 100 lg ml À1 ampicillin and 12.5 lg ml À1 chloramphenicol. These cells were used to inoculate eight flasks with each 500 ml of TB medium containing ampicillin and chloramphenicol. The cultures were grown at 30°C on a rotary shaker (110 rpm) until they had reached an optical density (OD 600 ) of 0.8. Then, expression of CYG12 was induced by the addition of anhydrotetracycline (200 ng ml
À1
) and expression was carried out at 30°C overnight. Afterwards, E. coli cells were harvested by centrifugation (20 min, 9000 g, 4°C). The pellet of each 1 L culture was washed once with 50 ml of buffer W (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA), resuspended in 24 ml buffer W and lysed by sonication (six cycles at 30 sec, output 70%, breaks of 1.5 min) using a Branson Sonifier 250 (Branson Ultrasonics, www.emersonindustrial.com/en-US/bra nson). To collect the insoluble fraction, the lysate was ultracentrifuged for 1 h at 180 000 g and 4°C. The pellet was washed twice with buffer A [50 mM Tris-HCl pH 7.5, 200 mM NaCl, 1% (v/v) Triton X-100, 1 M urea], harvested by centrifugation (10 min, 27 000 g, 4°C), resuspended in buffer B (50 mM Tris-HCl pH 7.5, 200 mM NaCl) and collected by ultracentrifugation (30 min, 180 000 g, 4°C). Each two pellets were combined, and extraction was done in 10 ml extraction buffer [50 mM Tris-HCl pH 7.5; 8 M urea, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulphonyl fluoride (PMSF)] first for 1 h at 37°C and then at 4°C overnight. The protein concentration of the extract was determined applying the Bio-Rad Protein Assay Dye Reagent Concentrate, using defined BSA concentrations for quantification. Then, 1.2 molar excess of hemin (Sigma-Aldrich) was added to the solution. After incubation on ice for 1 h, refolding of the proteins was conducted by slowly dropping the extract into 160 ml of buffer W that was supplemented with 1 mM DTT and 1 mM PMSF at 8°C and under moderate stirring. CYG12 protein was purified from the solution via Strep-tag affinity chromatography as described before (Huwald et al., 2015) except that the whole volume of the refolding solution was loaded onto the column and washing was done with 10 ml of buffer W.
Functional characterization of recombinant CYG12
UV-Vis spectroscopy was done using the UV-2450 spectrophotometer from Shimadzu (www.shimadzu.com) (resolution: 1 nm, gap width: 2 nm, medium to fast sampling rate) on 600 ll samples of 5 lM CYG12 in buffer W in UV-cuvettes micro (#759200) from BRAND (www.brand.de). All steps to prepare the samples were done in an anoxic tent using anoxic buffers and solutions. For measurements, the cuvettes were first sealed with white rubber Suba-Seal septa 21 (Sigma-Aldrich) before taking them out of the tent. Sodium dithionite (NaDt) (200 lM) was used to reduce the heme groups before introducing O 2 (by opening the cuvette to air and gentle shaking), carbon monoxide (CO) (by purging the sample for 30 sec at low pressure with 99.997% CO gas) or NO (by adding 200 lM DEA-NONOate (Sigma-Aldrich) that was freshly prepared under anoxic conditions). Hemin (5 lM) in buffer W were treated the same and served as a control that the spectra obtained with CYG12 were not due to unbound hemin ( Figure S12 ). Spectra were recorded from k = 250 nm to k = 800 nm. cGMP production activity of recombinant CYG12 was analyzed using a protocol modified from Winger et al. (2008) . Here, 400 ll of a 2 mg ml À1 CYG12 solution in anoxic assay buffer (25 mM triethanolamine pH 7.5, 25 mM NaCl) were treated with 400 lM NaDt in an anoxic tent. Next, 25 ll (50 lg protein) of the solution were added to 66-70 ll of anoxic assay buffer in gas-tight 2 ml glass vials. The buffer contained additionally 1 mM DTT and either 4 mM MnCl 2 or 4 mM MgCl 2 . Then, 4.2 ll of a 24 mM guanosine triphosphate (GTP) stock solution (final concentration 1 mM) were added to start the reaction. The effect of NO on CYG12 activity was analyzed by adding 0.05-1 mM (1-5 ll) of freshly prepared anoxic DEA-NONOate 5 min before the addition of GTP. The mixtures were incubated at 37°C for 1 h before adding 200 ll of 0.25 M sodium acetate, pH 4, to terminate the reaction. The solutions were then passed through Amicon Ultra 0.5 ml centrifugal filters with a molecular weight cutoff of 10 kDa (Sigma-Aldrich). Then, 10 ll of the eluate were analyzed by ultra high performance liquid chromatography coupled to mass spectrometry (UHPLC-MS) according to a protocol modified from Oeckl and Ferger (2012) . A Shimadzu LC-MS-8030 triple quadrupole mass spectrometer with electrospray ionization (ESI) equipped with Nexera X2 LC-30AD pumps, a Nexera X2 LIS-30AC autosampler, a CTO-20AC prominence column oven and a SPD-M20A photo diode array (PDA) detector was used (www.shimadzu.de). Separation was performed using a Phenomenex Luna Omega C 18 polar column (1.6 lm, 100A, 2.1 9 100 mm, www.phenomenex.de) at 40°C, a flow rate of 0.4 ml min À1 and the following mobile phases: A: 0.1% formic acid in water, and B: 100% acetonitrile (all LC-MS grade, HiPerSolv â CHROMANORM â , VWR). A gradient elution profile of 0 min: 100% A, 0.5 min: 100% A; 1 min: 10% A-90% B; 3 min: 10% A-90% B; 3.1 min: 100% A; 5 min: 100% A was applied. Spectra of the eluates from k = 200 nm to k = 600 nm were recorded by the PDA detector as a control before analyzing them by MS in positive and negative scan (m/z = 100-600) and multiple reaction monitoring (MRM) mode for cGMP (positive and negative ionization, see Table 2 ) applying the following parameters: interface voltage: 4.5 kV, interface current: 0.1 lA, nebulizing gas flow: 3 l min À1 , drying gas flow: 15 min À1 , dilution line temperature: 250°C, heat block temperature: 400°C, conversion dynode: À6 kV, detector voltage À1.72 kV. The analysis was carried out with an operating pressure of 1.9 9 10 -3 Pa. The instrument's software, LabSolutions 5.72, was used for data acquisition and processing. cGMP was quantified in the negative MRM mode (Table 2) , using defined concentrations of cGMP monophosphate sodium salt (Sigma-Aldrich) as external standard.
Statistical analyses
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